Genomic DNA from reference strains and biovars of the genus Brucella was analyzed using pulsed-field gel electrophoresis (PFGE). Fingerprints were compared to estimate genetic relatedness among the strains and to obtain information on evolutionary relationships. Electrophoresis of DNA digested with the restriction endonuclease XbaI produced fragment profiles for the reference type strains that distinguished these strains to the level of species. Included in this study were strains isolated from marine mammals. The PFGE profiles from these strains were compared with those obtained from the reference strains and biovars. Isolates from dolphins had similar profiles that were distinct from profiles of Brucella isolates from seals and porpoises. Distance matrix analyses were used to produce a dendrogram. Biovars of B. abortus were clustered together in the dendrogram; similar clusters were shown for biovars of B. melitensis and for biovars of B. suis. Brucella  ovis, B. canis, and B. neotomae differed from each other and from B. abortus, B. melitensis, and B. suis. The relationship between B. abortus strain RB51 and other Brucella biovars was compared because this strain has replaced B. abortus strain 19 for use as a live vaccine in cattle and possibly in bison and elk. These results support the current taxonomy of Brucella species and the designation of an additional genomic group(s) of Brucella. The PFGE analysis in conjunction with distance matrix analysis was a useful tool for calculating genetic relatedness among the Brucella species.
The genus Brucella is currently classified into 6 species (B. abortus, B. melitensis, B. suis, B. ovis, B. canis, B. neotomae) whose characteristics are correlated with their preferred natural hosts and pathogenic properties. 6, 23 The genus is described by colonial and cellular morphology, Gram's reaction, agglutination with monospecific antisera (A, M, or R antigens), and results from routine biochemical tests. 4, 18 Species are separated on the basis of lysis by bacteriophage and oxidative profiles on selective amino acid and carbohydrate substrates. 4 Typing isolates of Brucella into biovars involves conventional procedures for cultural characteristics that include CO 2 requirement, H 2 S and urease production, sensitivity to erythritol and dyes (thionin, basic fuchsin, thionin blue), and susceptibility to antibiotics. 3 Atypical strains exist and are usually identified as fitting a certain Brucella species biovar except for the stated differences.
Recently, Brucella was isolated from internal organs of 4 common seals (Phoca vitulina), 2 harbor por-poises (Phocoena phocoena), and a common dolphin (Delphinus delphis). 20 These marine mammals had been found stranded around the Scottish coast. In the same year, characteristics of another isolate of Brucella from an aborted fetus of a bottlenose dolphin (Tursiops truncatus) at the Balboa Hospital in San Diego, California, were described. 8 Subsequent to these reports, Brucella spp. have also been isolated from an Atlantic white-sided dolphin (Lagenorhynchus acutus), 2 striped dolphins (Stenella coeruleoalba), a hooded seal (Cystophora cristata), and a grey seal (Halichoerus grypus), 9 all from the coast of Scotland or North England. In addition, evidence of Brucella infection in lungworms (Parafilaroides) in a Pacific harbor seal (Phoca vitulina richardsi) collected off the coast of Puget Sound, Washington, has been described. 10 Several approaches were used for identification of these isolates, including analysis of biochemical and oxidative metabolism profiles, protein profiles, and virulence in guinea pigs; however, no restriction endonuclease (RE) analysis was included. The bacterial isolates from marine mammals were reported as belonging in the genus Brucella but did not match any known species.
Brucella species are very homogeneous in terms of high DNA-DNA hybridization; 7, 14, 15, 24 therefore, RE analysis of genomic DNA digested with high-frequency cleavage enzymes is of limited use in differentiating strains of Brucella. 19 Alternatively, pulsed-field gel electrophoresis (PFGE) of genomic DNA digested with REs that cut infrequently has been used to separate Brucella species. 1, 16 DNA fingerprinting has been used to differentiate the currently licensed vaccine B. abortus strain RB51 from other brucellae. 16, 17 Digestion of total DNA with the RE XbaI followed by PFGE has been a useful technique for discriminating among the species and among several isolates in the same species of Brucella. The purpose of this communication is to describe the utilization of PFGE as a tool for the determination of genetic relationships among the Brucella species. The genetic relationships of 19 recent isolates of Brucella from marine mammals (i.e., seals, porpoises, dolphins), the standard vaccine RB51, and reference strains and biovars of Brucella were investigated. Results were evaluated to determine clonal relationships of Brucella species.
Materials and methods
Genomic fingerprinting. DNA fingerprinting was performed as previously described. 16 DNA from Brucella strains ( Table 1 ) was extracted using previously described methods. 1 Brucella DNA in agarose inserts was digested with 10 U of the RE XbaI for 48 hr at 37 C in the appropriate buffer, according to the instructions of the manufacturer. a Electrophoresis of digested DNA was done by PFGE 22 in 1.5% agarose b with TBE buffer (0.089 M Tris, 0.089 M boric acid, 0.002 M Na 2 ethylenediaminetetraacetic acid) 21 and the clamped homogeneous electric fields system. c The pulse time was 0.3-10 sec for 40 hr at 200 V. Lambda concatemers d and lambda digested with HindIII c were used as size markers. DNA was visualized with ultraviolet illumination after staining with ethidium bromide (0.5 mg/ml), and gels were photographed.
Data analysis. PFGE profiles (fingerprints) were analyzed by an automated computer-assisted analysis system e using whole band analysis software. Photographs of ethidiumstained gels were scanned by a densitoscanner and images were maintained as computer files that were used to measure optical density along each lane. The size of the fragments in each lane was determined relative to the size markers. A lane map was constructed using stored images of the PFGE profiles and the whole band analysis software. Digital images were combined by assigning the reference track (B. melitensis 16M) as the standard and by alignment of all other tracks (strains) with this standard. Densitometric values were further processed to compute similarities for each pair of Brucella strains on the basis of molecular weight and intensity of bands in the profiles. A dendrogram was generated using percent homology of fragments among the strains.
Results

PFGE. Digestion of Brucella genomes with
XbaI resulted in fingerprints, each consisting of 25-35 re-striction fragments that ranged in size from 10 to 350 kb (Fig. 1) . The PFGE analysis of Brucella DNA digested with XbaI revealed species differences in the genomic fingerprints. Unique electrophoretic differences were discernible among B. abortus, B. melitensis, B. suis, B. ovis, B. canis, B. neotomae, and strains isolated from each species of marine mammal (seal, porpoise, dolphin). Conventional gel electrophoresis showed that XbaI generated no detectable fragments smaller than those revealed using PFGE (data not shown). Before digestion with XbaI, no detectable fragments of B. abortus genome were demonstrated by PFGE using pulse times greater than 45 seconds.
Differences were apparent in genomic fingerprint profiles of reference biovars of B. abortus (Fig. 1;  lanes 1-8) . These differences were observed in regions at approximately 128 kb and above 193 kb. Profiles of biovars 1, 2, and 4 ( Fig. 1; lanes 1, 3, and 5 ) were similar to each other. Biovars 5 and 9 (Fig. 1; lanes 6  and 8) exhibited profile similarity. The profile of biovar 3 (Fig. 1; lane 4) was similar to that of biovars 5 and 9; however, this profile lacked a band at 93 kb and contained additional bands at 65 and 67 kb. The fingerprint of RB51 (Fig. 1; lane 2) contained an additional 17-kb fragment and had a 104-kb fragment instead of the 109-kb fragment present in the reference biovars of B. abortus.
Differences in profiles were demonstrated for the biovars of B. melitensis (Fig. 1; lanes 9-11) and B. suis (Fig. 1; lanes 15-19) . Brucella ovis, B. canis, and B. neotomae (Fig. 1; lanes 12-14) were each different from other recognized Brucella species (Fig. 1) . Profiles obtained from the isolates from marine mammals were different from those obtained from recognized Brucella species. The Brucella isolates from Pacific dolphins were closely related to the isolate from the Atlantic dolphin; however they were easily distinguished from the isolates from seals and porpoises (Fig. 1) . Profiles were similar among the Brucella isolates from seals (Atlantic and Pacific).
Genetic relatedness determined by PFGE. The constructed dendrogram (Fig. 2) revealed 7 major PFGE types from 38 isolates, at 43% relatedness. Each major PFGE type contained strains that were classified as clonal variants based upon profile similarities. The distribution of the Brucella strains was in general agreement with the separation of species with their ascribed biovars. Brucella canis, B. suis biovar 1, and the iso-lates from dolphins were clustered into 1 of the 7 PFGE types (branches). At 57% relatedness, this cluster branched into 3 groups: 1) B. canis, 2) B. suis biovar 1, and 3) isolates from dolphins. Also, at this level of relatedness (57%), the group consisting of the isolates from seals and porpoises branched.
Discussion
This fingerprint strategy allowed determination of genetic relatedness of Brucella isolates based upon restriction enzyme profile. The enzyme XbaI was selected for typing studies because it produced restriction patterns that discriminated among isolates. 17 The recognition sequence (5Ј-TCTAGA-3Ј) for XbaI apparently occurs rarely in genomes of many gram-negative bacteria. 25 It has been used in the construction of a physical map for B. melitensis 16M 2 and in the differentiation of the vaccine B. abortus strain RB51 from other brucellae. 16, 17 Digestion of genomic DNA with XbaI provided results that easily distinguished among Brucella species. In contrast, RE analysis of genomic DNA digested with high-frequency cleavage enzymes is of limited use for differentiating Brucella species because these enzymes produce numerous fragments that are difficult to resolve. 19 Other REs that cut infrequently may supply additional evidence for establishing genetic relatedness among the strains; however, profiles generated from digestion with XbaI were easily interpreted and would provide preliminary information on genomic fingerprinting of Brucella isolates and standardized methodology between laboratories.
Characterization of Brucella species isolated from mammals is of importance, especially when these characteristics are epidemiologically or diagnostically relevant. Brucella populations may have their own typical ecological niches, and these populations can be characterized and recognized by serotyping and biotyping. The epidemiologic significance of this ecovar distinction is evident.
The distinctions among Brucella species historically were made on the basis of biotyping, serogrouping, and certain biochemical reactions, which were widely used in routine diagnostic bacteriology. Recently, it was proposed that Brucella isolated from a dolphin (CA/dolphin; NVSL2-1350) represented a new Brucella species. 8 The species identity of this isolate was not determined because it did not match any current species descriptions. The fingerprints of the isolates from marine mammals used here were different from those of any recognized Brucella species. The clustering pattern in the dendrogram indicates that dolphin isolates are outside other Brucella isolates from marine mammals (seals, porpoises).
Supplementation of PFGE analysis with routine systemic description of the microorganism may be beneficial. The technique may be applied when necessary in combination with biotyping to discern distinct groups typically associated with certain hosts or even with certain sites. Results of the present study support the host species-specific concept. Currently, 6 genomic groups of Brucella are recognized based on 2 main sets of properties: lysis by bacteriophages and oxidative metabolic profiles on selected amino acid and carbohydrate substrates. 4 The bacterial isolates from marine mammals represent atypical strain(s) or species of Brucella that have adapted to the marine environment. Host-adapted ecovars possibly occur because of evolutionary changes that developed in isolated bacterial populations.
Cluster analysis provides a method of assigning strains to groups on the basis of similarities. Fingerprint relatedness among the isolates was high, indicating genetic rearrangements of the genomes that are reported to be closely related by DNA-DNA hybridization studies. 7, 14, 15, 24 Variation in fragment size or organization of the profiles among biovars may result from recombination between repetitive sequences in the genome. 5, 12, 13 Polymorphisms may be the result of a point mutation at a restriction site or a DNA rear-rangement, such as an insertion, deletion, or inversion. 11 Genomic macrorestriction endonuclease fingerprinting using PFGE considers the overall organization of the bacterial genome and may be an indicator of clonal origin and genetic relatedness. Although most genomes of Brucella species identified as members of the same clone are identical or nearly so, several may have different ancestries and may be derived by horizontal (transmissible) transfer from other clones of the same or different species. PFGE analysis of XbaI-digested genomes was used as a tool for effective discrimination among Brucella species and supports the designation of additional genomic group(s) of Brucella.
